During the last twenty-five years, as a result of the great advances made in the rehabilitation of paraplegic and tetraplegic patients, fundamental changes have taken place in our concept of the physiology of spinal man. Throughout the centuries, the medical profession and the public in general took the defeatist attitude that nothing or very little could be done for these unfortunate people, paralysed as a result of injury or disease of the spinal cord. They were considered as useless, hopeless and unwanted cripples, with a short expectation of life. However, it has been proved beyond any doubt that the great majority of them, even those with spinal cord transection at higher levels, can be re-integrated into the community and can look forward to a full life as respected citizens, in spite of their remaining and profound disability. Their life expectation has vastly increased and many of them are successfully employed in a great variety of occupations and can take part in many other social activities. In particular, through the introduction of sport as a supplementary method to the conventional methods of physiotherapy, many of them have become sportsmen and sportswomen in their own right and travel all over the world to hold their own international sports festivals.
The accomplishment of the spinal man's integration lies in restoration of a co-ordinated function between the isolated cordi.e. that part below the level of the transection -and the remaining components of the nervous system above the lesion. In this physiological process of integration the re-orientation of posture to movement is of cardinal importance.
To realize fully the complexity of the reconditioning of purposive movements, the effects of transection of the spinal cord in man must be considered first. It is well known that, following such disaster, the regulatory function of the nervous system in maintaining a suitable internal environment in the spinal man becomes increasingly deficient the higher the transection. Locomotion is abolished, the mechanism of postural control is interrupted and abnormal reflex responses develop once the isolated cord begins to act without restraint from the influences of higher centres (Riddoch 1917 , Guttmann 1946 , 1952 . Homeostasis is thrown into greater chaos the higher the level of the spinal cord transection, and failure to regulate blood pressure, blood flow, body temperature and respiration naturally imposes at first considerable limitations on the activities of the paraplegic and tetraplegic. It also results in the development of widespread reflex responses of autonomic mechanisms, especially of the cardiovascular system, to visceral activity, especially of the bladder, bowels and uterus, the latter during labour. These have been described in detail elsewhere (Guttmann & Whitteridge 1947 , Gilliatt et al. 1948 , Cunningham et al. 1953 , Guttmann 1954 , Guttmann et al. 1965 . As an example, the effects of bladder distension and detrusor activity on blood pressure, pulse, sudomotor function, spasticity of the legs and adrenal function is shown in a tetraplegic patient below C6 (Fig 1) .
These studies, carried out at Stoke Mandeville since 1944 and by other workers in this field, have resulted in a better understanding of these undesirable reflex responses of muscular and autonomic systems and, in due course, have led to the utilization and development of regulatory mechanisms aimed at restoring and maintaining a suitable internal environment in the spinal man. Emphasis has been laid on the one hand on the part which the isolated cord may play in the process of integration and on the other on the compensatory action which nervous mechanisms above the transection can take in this process.
Control of Posture and Locomotion in the Spinal Man
There is general agreement that, unlike the amphibia, in which local reflex arcs in the spinal cord are capable of controlling the postural reflex, the final common path in the ascending phylogenetic scale has come more and more under the control of cerebral centres, which exert their influence either directly or indirectly through the cerebellum. Thus, the influence of the spinal cord, as a central organ regulating posture, becomes more and more negligible. However, Philippson (1905) found that spinal dogs can hold themselves upright, and, as Sherrington (1910) has shown, the dog with a spinal cord transection in the lower thoracic region is capable of maintaining standing posture and supporting the weight of its hindquarters even for minutes. Denny-Brown & Liddell (1927) confirmed these observations and found in their experiments that in the spinal dog the increased flexor reflex activity following cord transection was in later stages replaced by such intense extensor rigidity that standing became possible. These observations indicate a close relationship between posture and locomotion, as they show how reflexes, basic to standing, also provide an essential contribution to locomotion. Magnus (1924) , Rademaker (1931) and Sherrington with his co-workers (Creed et al. 1932 ) have in their classical work drawn attention to interlocking proprioceptive reflexes in locomotion. However, other investigators (Fulton 1950) concluded that the spinal animal, although having poorly developed stretch reflexes and fragmentary static reflexes in the form of extensor thrust, cannot stand.
The view that the isolated spinal cord is ineffectual as a regulatory postural reflex organ has been even more generally accepted in the spinal man. However, my own studies on traumatic paraplegics with complete lesions indicate that the unrestrained reflex function of the isolated cord in man is in fact capable of some readaptive metamorphosis which can be utilized in the rehabilitation of the spinal man.
Facilitation of the Extensor Synergy and Static Reflexes
Provided that the initial treatment following transection is carried out correctly by proper positioning of the paralysed limbs and by avoiding flexion contractures of tendons and joints, the preponderance of the flexor reflex synergy, which develops as soon as the stage of spinal shock has ceased and results in paraplegia-in-flexion, diminishes later and the extensor reflex synergy may become so predominant as to facilitate the maintenance of standing posture. These changes in the reflex pattern are produced by proprioceptive impulses arising from the extensors of the hips and knees and in higher lesions from the erector spine, which can be influenced by exteroceptive impulses such as utilizing postural reflexes by placing the patient in the prone position. Regular passive stretching of the hips and knees and keeping the extended legs strapped to the bed have proved effective in inhibiting and overcoming the predominant flexor tone and in promoting increase of the extensor tone. Later, standing in parallel bars with the knees kept in extension by light plaster splints or calipers, thus producing pressure against the plantar surface of the feet, was found to be a most effective stimulus in promoting increase of extensor tone in hips, knees and trunk. Eventually, paraplegics with transections ranging from T12 to the lower cervical region have succeeded, after training, in standing for as long as ten to thirty minutes in parallel bars without being interfered with by sudden flexor spasms merely by supporting themselves on their arms but without any support from plaster splints or other appliances fitted to the paralysed lower limbs or corsets to the trunk. From this alone, it can be concluded that, in the spinal man, the isolated cord under the influence of appropriate training is adaptive to posture and can undergo such a degree of functional adaptation that local reflex arcs become strong enough to be capable of producing useful static reflexes.
The intricate neural mechanism involved in this accomplishment within the isolated cord is still obscure. However, in the light of intensive research by cell physiologists with the aid of electron microscopy, pre-eminently by the work of Eccles and his school (Eccles 1957 , 1964 , Eccles & Schade 1964 , our understanding of the excitatory and inhibitory function of synapses, those structures which act as devices for the transmission of information from one neurone to another or from neurone to effector cell, has greatly deepened. Moreover, the important part which peripheral receptor organs such as Golgi's tendon organ and, especially, the muscle spindle play in the complex reflex mechanism of the spinal cord has also come to light. Although Sherrington (1893) recognized the muscle spindle as a sensory organ, the detailed organization of this encapsulated structure in nuclear-chain and nuclear-bag fibres and their innervation by Group I and II sensory and gamma I and II nerve fibres has only recently been elaborated (Boyd 1956 , Cooper & Daniel 1956 , Granit 1955 , Matthews 1962 , Boyd et al. 1963 , Rushworth 1966 . However, more precise information on the nature of the transmission of impulses to and from the isolated cord will be necessary for the analysis of its adaptive potentialities.
Compensatory Function of Normal Muscle Groups
This process of training and reconditioning the isolated cord is facilitated by impulses through the action of nonparalysed muscle groups which have their segmental innervation in the cord above the level of the transection at any thoracic and lower cervical level but by their anatomical attachments on the pelvis and vertebral column are connected to the paralysed areas. In complete transverse lesions of the upper thoracic and cervical cord the muscles available for maintaining the connexion between the paralysed and normal parts of the body are the trapezius and, in particular, latissimus dorsi, and in distal thoracic cord lesions also the abdominal muscles. Normally, the function of the latissimus dorsi, which has its segmental supply in C6, 7, 8, is adduction, retroversion and internal rotation of the arm due to its proximal mobile attachment on the humerus and its distal fixation on the lumbar portion of the spine, the sacrum and, most important of all, the posterior rim of the pelvis. However, this function can be reversed by fixing the arms and shoulders on parallel bars or arm crutches, whereby the mobilizing part of this muscle is transferred to the pelvis. Thus a pull exerted on the pelvis will result in tilting the pelvis in an upward direction as shown in a patient with a complete lesion below T2 (Fig 2 A, B) . Another example is a patient with a cord transection below TI 1 showing also the pelvis tilting on the left side by the action of the abdominal muscles (Fig 3) . As, however, the gluteus maximus, which, like all other muscles of the lower limbs, is paralysed after transection, also has its insertion point on the lumbar fascia and posterior rim of the ilium, the upwards pull caused by the action of the latissimus dorsi results in extension of the hip by fascial stretch. This stretch effect in turn reflexly promotes in 5Section ofPhysical Medicine cord lesions an increase in the tone of the extensors of hips and knees. Electromyographic studies have shown conclusively that the reflex responses elicited by the upward pull of the latissimus dorsi on the paralysed extensors of hips and knees were found particularly conspicuous in the quadriceps and the flexors of the knees, the latter being also extensors of the hips. The quadriceps activity became somewhat reduced, once full erect posture was obtained, whilst the hamstrings activity did not reach maximum until the full erect posture was accomplished. It was found, moreover, that active flexion of the head increased the stretch effect due to action of the trapezius, which with its anatomical attachment to the 12th dorsal vertebra acts as a synergist to the latissimus dorsi in preventing sudden lapses which tend to recur in spastic paraplegics while in a standing position. In mid and lower thoracic cord transection the abdominal muscles, owing to their attachment to the pelvis, can also be utilized for the restoration of locomotion, i.e. walking by pelvic tilt with the aid of elbow crutches and light calipers. With training, the trunk and abdominal muscle groups may greatly increase in strength and may develop considerable degrees of hypertrophy as demonstrated in a case of transection of the cord at the level of T6 (Fig 4) . In this connexion, certain sports such as archery and weight-lifting have proved very successful in developing strength and hypertrophy of these muscle groups.
Development of New Pattern of Postural Sensibility
However, in the process of reconditioning the spinal man to the upright sitting position, standing and walking, re-orientation of the afferent system is a pre-requisite for the compensatory action of the muscular system. It must be remembered that in any complete transection of the cord above T12 both hip-joints are insensitive, which results in more or less profound disturbance of postural control when the paraplegic is raised from the horizontal to the vertical position; the higher the transection the larger the part of the body involved in the loss of postural sensibility and the more profound the inability of the spinal man to maintain his postural equilibrium without support. However, it could be proved that the attachment of the latissimus dorsi and, in distal cord lesions, the abdominal muscles to the pelvis also plays an essential part in the reorientation of the afferent system by restoring postural control in the spinal man. For, proprioceptive impulses arising from any movement of the pelvis are transmitted centrally along the afferent pathways within this and other trunk muscles and thus reconnect the insensitive part of the body with the cerebral and cerebellar centres subserving postural control, resulting in appropriate efferent postural responses. Eventually, through training, a new pattern of postural sensibility gradually develops along the nerve supply of the trunk muscles, which enables the paraplegic of even higher level to regain his postural control and his upright position without artificial supports. This is first accomplished by balancing exercises in a sitting position in front of a mirror, during which the arms are raised in various directions whereby the paraplegic or tetraplegic learns to compensate for the loss of postural sensibility of the trunk by visual control (Fig 5) . Gradually, commensurate with the development of the new pattern of postural sensibility, he will be able to sit with his arms raised and eyes closed and keep his equilibrium. Already, at this stage, sport, especially archery, has proved an excellent remedial exercise. The next stage in postural readjustment is learning to maintain balance by catching and throwing a ball or heavier object such as a sandbag. At this stage, table tennis, throwing the javelin or club and shot-putting can be usefully employed. The final stage in restoring balance consists of rapid alternations between free movements of the arms against resistance, as practised in punch-ball or fencing exercises in a wheelchair, whereby variations of movements and diversities of situations occur. In this stage, wheelchair basketball has proved invaluable, for the diversities of situations caused by the movement of the ball, on the one hand, and the movements of the opponent in his chair on the other have proved of paramount importance for promoting the new pattern of postural control in the paralysed. Swimming has also been usefully employed for the restoration of postural control in both paraplegics and tetraplegics. The paralysed part of the body, especially in higher cord transection, has a tendency to float in the water, due to its greater buoyancy. Therefore the paralysed, when using the breast stroke, will at first experience difficulty in keeping head and shoulders above water, and must develop a new postural control in the water. One of the most extreme examples of postural readjustment is a man who, in World War II, lost his left arm from the upper third of the humerus down and then developed a complete paraplegia below T3 after the war as a result of transverse myelitis. He was previously a keen swimmer and insisted on trying swimming again. He succeeded in doing the back stroke using his right arm alone, with the result that he was able only to swim in a circle like a fish with one fin. In due course, he was provided with a frog-arm to the stump of his left arm, which enabled him, after training, to adjustment had improved to such a degree that he was able to swim in an almost straight line using the stump of his left arm without the frog-arm. The effect of fully restored posture and locomotion is well demonstrated in a patient with a cord lesion below T9 (Fig 6) .
Readjustment of Vasomotor Control
Co-ordinated reflex function of the skeletal muscles, compensatory function of trunk muscles and re-orientation of the sensory system would not accomplish restoration of the control of posture in the spinal man without readjustment of the vasomotor control. Whilst paraplegics with distal cord or cauda equina lesions do not differ from other nonspinal convalescent patients in their cardiovascular response to postural change, those with high thoracic and in particular cervical lesions show profound effects, owing to the interruption of their splanchnic control. The maladaptation of paraplegics with lesions above T5 to the vertical position results in rapid and uninhibited accumulation of blood in the abdominal area and lower limbs, with resultant decrease in the supply to the central veins and consequently insufficient cardiac output. The blood pressure shows a steep and rapid fall, the pulse rate is raised to a high level and syncope follows in a few seconds or minutes. The obvious explanation of this postural hypotension in the spinal man with transection at or above T5 is to be found in the inability of the blood vessels of the viscera to contract, due to deprivation of control of the roots of the splanchnic nerves.
The importance of the splanchnic system in maintaining homeostasis in the vertical position was demonstrated in spinal animals by Hill in 1895. Since 1945, I have carried out studies with my colleagues to analyse the effects of postural changes on the cardiovascular system in the spinal man, with a view to re-establishing his vasomotor control, and results have been published elsewhere (Guttmann 1946 , Jonason 1947 , Guttmann et al. 1963 . We studied the effect of tilting from the horizontal to the vertical feet-down position on systolic and diastolic blood pressures, pulse rate and bloodflow, and the subjective sensations noticed by the patient. Recordings were taken at one-minute intervals, until the patient showed signs of syncope. At the end of the experiment the tilting table was returned to the horizontal and the recordings continued until blood pressure and pulse had returned to normal.
The invariable premonitory symptoms of syncope in the spinal man after vertical tilting are blurring and finally loss of vision. Giddiness, buzzing and ringing in the ears were also, although less frequently, present. Sometimes tingling in the hands or headaches were complained of. Vomiting never occurred. Those who fainted became paler whilst in the vertical position, but on being returned to the horizontal showed facial flushing, which was particularly marked in patients with cervical transection.
The response of blood pressure and heart rate to vertical tilting depended on whether consciousness was retained in the vertical position. In patients who fainted, there was an immediate increase of heart rate in the vertical position and this usually persisted after consciousness was lost; systolic and diastolic pressures fell and became unrecordable. After return to the recumbent position, a sustained bradycardia occurred and was invariably associated with blood pressure above the normal. When consciousness was retained there was either a transient or slight retained increase of heart rate and systolic pressure and a maintained rise in diastolic pressure.
The changes in heart rate were recorded by the ECG during and after tilting procedures. Only occasionally was irregularity associated with the cardiac acceleration in the vertical position, and the main changes observed in the vertical position were found in the P and T waves, due to the cardiac acceleration. Depression of ST segment occurred in 4 patients, when consciousness was lost.
The plasma catecholamine changes in patients who fainted after tilting to the vertical showed a marked degree of inconsistency. It was found that the increase of adrenaline was much greater than noradrenaline in the plasma, and the total catecholamine values were increased.
Attention was paid to means of overcoming the postural circulatory disturbances in these high spinal cord lesions. It was found that regular and frequent change of posture from the supine to the lateral position in the early stages following transection represents in itself an important stimulus in setting up vasoconstrictor responses in the isolated cord to restore the crippled vasomotor control.
In co-operation with Gilliatt and Whitteridge (Gilliatt et al. 1948) we studied further reflex activities of the isolated cord which may play a part in the vasomotor adaptation mechanism. It has been established from the results of earlier workers that a single deep inspiration causes vasoconstriction and a decrease in electrical response of the skin (Sturup et al. 1935) . We found that, in high complete cord lesions above the sympathetic outflow to the hands, deep inspiration still elicits vasoconstriction in the fingers, which can prevent or at least delay fainting due to postural hypotension in these patients. From these observations, it can be assumed that inspiratory vasoconstriction is purely a spinal reflex taking place in the thoracic region of the isolated cord. The afferent fibres concerned in this reflex enter the spinal cord mainly in the upper thoracic region, but the possibility that the limits of entry are somewhat wider than this cannot be excluded.
As a result of these and other observations, it has been possible to restore the redistribution of blood flow from the viscera by this vasoconstrictor reflex and other factors. The application of an abdominal binder and the prescription of 20-25 mg of ephedrine before raising the patient from the horizontal to the vertical position and, in particular, resistance exercises producing the squeezing effect of muscular contraction on the vascular system have proved invaluable in overcoming circulatory maladaptation to posture in these high cord lesions. They promote the circulatory adjustments necessary to meet the metabolic requirements not only for restoring the upright position of the tetraplegic when sitting in a wheelchair and also standing in parallel bars (with the help of a physiotherapist) but even for athletic performances. These patients are, for instance, able to participate in archery and table tennis, with the bow or bat fixed to the hand. The pull of the bow is accomplished by a hook fixed on the other hand, as the fingers are paralysed.
It is beyond the scope of this paper to discuss the part which the isolated cord plays, in cooperation with cerebral mechanisms, in the reconditioning of the respiratory and thermoregulatory systems and bladder, bowel and sexual functions in the spinal manproblems of paramount importance for his social re-integration. However, the data given here on the re-orientation of locomotion and posture, while demonstrating the complexity of the problem of integrative action of the nervous system in man, may suffice to show how far the rehabilitation of spinal man to cope with a new scheme of life is based on applied physiology. Sherrington's dictum, 'Each and every part of the animal is integrative', is also applicable to man.
However, it must be remembered that the spinal man is not a reflex animal like a cat or a dog. He still remains a member of that species Homo sapiens, and is still endowed with all those intellectual faculties which distinguish him from all other types of mammal. He can use these intellectual faculties with sapientia, i.e., wisely, to modify the reflex activities of the isolated cord and thus reconnect them in one way or another with the control of the central nervous system in order to re-integrate himself into society. The pre-condition to achieve this is that he receives proper guidance from his medical attendants from the beginning and throughout all stages of rehabilitation.
